Abstract. Magic-angle spinning (MAS) solid state nuclear magnetic resonance (NMR) spectroscopy is shown to be a promising technique for implementing quantum computing. The theory underlying the principles of quantum computing with nuclear spin systems undergoing MAS is formulated in the framework of formalized quantum Floquet theory. The procedures for realizing state labeling, state transformation and coherence selection in Floquet space are given. It suggests that by this method, the largest number of qubits can easily surpass that achievable with other techniques. Unlike other modalities proposed for quantum computing, this method enables one to adjust the dimension of the working state space, meaning the number of qubits can be readily varied. The universality of quantum computing in Floquet space with solid state NMR is discussed and a demonstrative experimental implementation of Grover's search is given.
Introduction
As early as the late 1950's, , investigated the effects of physical laws on computing, such as the reversibility of a computing operation and the minimal energy required to transmit a bit of information. Feynman [7] , on the other hand, was studying the fundamental limitations of quantum mechanics on the capacity of (classical) computers. The most important question in these works was what would it happen if computing logic is not presumably given but rather determined by physical laws, particularly, quantum mechanical laws? With the rapid development of very large scale integrated circuitry technology, above question seemed to become important in the early 1980's; that can be rephrased as, what would it happen if the chip size were made so small that one chip contains very few, even just one impurity electron? That background of scientific development initiated quantum computing research. However, quantum computing was basically dormant in the decade of the 1980's. It has since gained increasing attention once the power of a hypothetical quantum computer was revealed, particularly, through the works of Deutsch [8] [9] [10] [11] [12] Shor [13, 15] , Lloyd [16] etc. Deutsch [8, 9, 12] showed a e-mail: ding@mail.nsysu.edu.tw that genuine and massive parallelism can be achieved. Lloyd [16] proposed a quantum computing prototype that has subsequently been followed. Shor [13] demonstrated the power of quantum computer in solving the famous and all-important problem in number theory and public key cryptography system, i.e. the prime factoring of large integers. Shor et al. [14, 15, 17] , Gottesman [18, 19] , Steane [20] [21] [22] , Schumacher [26] and Preskill [23] and others invented a variety of quantum error correction schemes that are crucial to the realization of long-time quantum computing.
Since then, theoretical publications have appeared with increasing frequency, encompassing almost every aspect of computing theory(for review, see, e.g., [27, 28] rather than pure quantum mechanical systems. Among the above experimental prototypes, NMR is certainly the most promising, to date: all above methods except NMR can only simulate a single quantum logic gate such as controlled NOT gate, but NMR can do much more than that, e.g., it can simulate a quantum network such as the performing of simple arithmetic operations, and a quantum computer that can execute simple quantum algorithms [48] [49] [50] [51] 53, 56, 59] . The NMR method offers the first realizable quantum computer operating with more than two qubits, thus providing for the first time a quantum computer with error correction capacity [60] . All these demonstrations used liquid state NMR spectroscopy because of its natural high resolution. While the progress has been remarkable, one severe difficulty with the NMR quantum computer is the exponential loss of the signal sensitivity with the increase of spin numbers (hence usable qubits) in the working molecule. It is clear that establishing an NMR quantum computer with a capacity of over ten qubits is rather challenging [62], if not impossible even though a host of sensitivity-enhancing techniques are available [47] .
In this paper, we present an alternative, probably more advantageous, method for performing NMR quantum computing, that is, quantum computing based on solid state NMR involving rotating samples at an angle of 54.74
• , the magic-angle to the applied magnetic field. This so-called magic-angle spinning (MAS) [63, 64] NMR can be well formulated using Floquet theory [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] . From the point of view of quantum computing, the Floquet description offers a method to augment the state space, almost infinitely. In practice, nevertheless, the size of the space is restricted by the signal sensitivity. However, as shown in our theoretical analysis elaborated below, this size can be easily made much larger than that realizable in liquid NMR studies. For quadrupolar nuclei, the sidebands produced by the rotating polycrystalline samples can be as many as thousands or even more [75, 76] , meaning usable qubits can be easily achieved, even in excess of 10 merely by using conventional NMR techniques, although in this case, the manipulation of quantum states and coherences is more complicated than for spin-1/2 systems. The other obvious advantage of solid state NMR is that the number of spins in a sample is usually much larger than in a liquid sample of the same size, meaning a significant sensitivity gain. Our paper is arranged as follows. In the Section 2, the theory underlying quantum computing with solid state MAS NMR is described; this is the foundation of the subsequent sections of paper and future work. Particularly important are the definition of the pseudo pure state in Floquet space and its connection with quantum computing. While the theoretical framework applies to nuclear spin-1/2 systems as well as to quadrupolar nuclear spins, the remainder of the paper will focus on spin-1/2 systems with chemical shift interactions. Section 3 establishes the correspondence between a pseudo pure state and its spectral representation. This is essential to the read-out function in NMR quantum computing because the directly detectable signals in NMR arise from the single quantum coherences. The theoretical derivation of the spectral signal is demonstrated in Appendix A. The preparation of pseudo pure state is crucial to quantum computing and this is discussed in Section 4. Three different methods are considered. Section 5 analyzes the universality of MAS solid state NMR quantum computing. In Section 6 is demonstrated the implementation of an important quantum computing algorithm, namely, Grover's search, on a solid state NMR quantum computer. The major points of this paper are summarized in the final section.
Quantum computing in Floquet space

Quantum Floquet theory of solid state NMR
A periodic time-dependent Hamiltonian such as that for a nuclear spin system in a polycrystalline sample undergoing rotation at the magic-angle in a static magnetic field is best described employing Floquet theory. Here we summarize the well-developed theory from the perspective of MAS NMR and its significance to quantum computing. Most generally, the evolution of the density matrix, ρ(t), of a spin system can be written as
(2.1)
It follows, therefore, that evaluating the evolution operator U (t) =T e
is a central part of spectral lineshape calculations. The straight-forward procedure is to use the multi-step method which divides the time interval, (0, t c ), where t c is the period of the Hamiltonian, into N equal steps and then one calculates each step by approximating its Hamiltonian as being time-independent 
